Background and Purpose-Besides classic criteria, cerebral perfusion imaging could improve patient selection for thrombolytic therapy. The purpose of this study was to compare quantitative perfusion CT imaging and qualitative diffusion-and perfusion-weighted MRI (DWI and PWI) in acute stroke patients at the time of their emergency evaluation. Methods-Thirteen acute stroke patients underwent perfusion CT and DWI or PWI on admission. The size of infarct and ischemic lesion (infarct plus penumbra) on the admission perfusion CT was compared with that of the MR abnormalities as shown on the DWI trace and on the relative cerebral blood volume, cerebral blood flow, time to peak, and mean transit time maps calculated from PWI studies. Results-The most significant correlation was found between infarct size on the admission perfusion CT and abnormality size on the admission DWI map (rϭ0.968, PϽ0.001). A significant correlation was also observed between the size of the ischemic lesion (infarct plus penumbra) on the admission perfusion CT and the abnormality size on the mean transit time map calculated from admission PWI (rϭ0.946, PϽ0.001). Information about cerebral infarct and total ischemia (infarct plus penumbra) carried by both imaging techniques was similar, with slopes of 0.913 and 0.905, respectively. Conclusions-An imaging technique may be helpful in the identification of cerebral penumbra in acute stroke patients and thus in the selection of patients for thrombolytic therapy. Perfusion CT and DWI/PWI are equivalent in this task.
S
trokes are the third-leading cause of death, after cardiovascular diseases and cancers. Each year, they are diagnosed in 750 000 patients and contribute to at least 150 000 deaths in the United States. 1, 2 Although thrombolysis is now an approved therapy for acute human stroke, 3 many stroke patients do not benefit from such treatment. Others even are harmed by thrombolysis; it is responsible for up to 15% to 26% of cerebral hemorrhage. 4, 5 Present indications for intravenous thrombolytic therapy depend on the time interval since the onset of symptoms (Ͻ3 hours) and noncontrast cerebral CT findings [absence of cerebral hemorrhage and a cerebral hypodensity extending to less than one third of the middle cerebral artery (MCA) territory]. 1, 6 Many investigators believe that the selection of patients for thrombolysis could be improved by evaluation of brain perfusion before thrombolysis, which seems to be linked to an unfavorable risk-to-benefit ratio in cases of extensive oligemia in the territory of an occluded MCA. [7] [8] [9] [10] [11] [12] Because the aim of thrombolysis is to save the ischemic penumbra, ie, the region of decreased perfusion not situated below the critical level for maintenance of the Na ϩ ,K ϩ -ATPase pump and thus potentially reversible, [13] [14] [15] [16] [17] the goal in using a cerebral perfusion imaging technique is to visualize the ischemic penumbra and hence to identify at an early stage the difference between undamaged and salvageable cerebral parenchyma on one hand and unsalvageable on the other. Thrombolysis performed on patients with extensive cerebral infarcts with limited penumbra not only may prove to be of little benefit but also may increase the risk of intracranial bleeding. 8, 12, 18 Conventional T2-weighted images and CT studies are typically abnormal 6 to 18 hours after the onset of ischemia. On the other hand, diffusion-and perfusion-weighted MR imaging (DWI and PWI) examinations have been reported to provide an early measure of brain metabolic and hemodynamic insufficiency as soon as minutes to hours after onset. 7-9,19 -26 Currently, many investigators hypothesize that the DWI abnormality represents the cerebral infarct, whereas PWI abnormalities that are not yet diffusion abnormal may stand for penumbra. [7] [8] [9] 19, 27, 28 This DWI-PWI mismatch at early time points corresponds to a subsequent enlargement of the lesion volume. 26,28 -31 DWI and PWI can thus improve the selection of patients with potentially favorable outcome in case of acute ischemic stroke. 7-9,19,30 -33 Perfusion CT is another imaging technique proposed for evaluating acute stroke patients at the time of their emergency evaluation. Perfusion CT is a modern imaging technique that can be performed on acute stroke patients. It involves the sequential acquisition of cerebral CT images performed in cine mode during the intravenous administration of iodinated contrast material. Perfusion CT has been reported to allow accurate quantitative assessment of cerebral blood flow (CBF) and cerebral blood volume (CBV). 34 It also allows delineation of cerebral infarct and cerebral tissue at risk for inclusion into the final infarct according to a method validated by comparison with delayed MR. 35 In this study, we prospectively evaluated acute stroke patients by using both perfusion CT and DWI and PWI. Our purpose was to compare and correlate the various parameters characterizing brain perfusion that can be taken from perfusion CT and MR studies.
Materials and Methods

Patients
Our series consisted of 13 consecutive acute stroke adult patients (9 men, 4 women; median age, 68 years; interquartile range, 61 to 75 years). These patients were prospectively identified in the Emergency Department of our institution from March 2000 to June 2001. Inclusion criteria included acute ischemic stroke diagnosed on the basis of clinical and noncontrast CT data and both CT and MR examinations performed Յ3 hours after symptom onset. Exclusion criteria included potential treatment delay consecutive to performing MR examination, as well as contraindications to iodinated contrast material administration or to MRI. Patient characteristics, noncontrast CT findings, and location of the DWI abnormality are summarized in Table 1 .
In all 13 patients, noncontrast baseline cerebral CT was immediately followed by perfusion CT, which is included in the initial routine survey of acute stroke patients at our institution. All 13 patients also underwent a cerebral and cervical CT-angiography.
MR examination, including sagittal T1-weighted, axial T2-weighted, axial DWI and PWI series, as well as cerebral and cervical MR-angiography, was performed in all 13 patients immediately after the CT survey. The time intervals from symptom onset to admission to the emergency room, perfusion CT, and MR were recorded. The permeability of intracranial and extracranial cerebral vessels was assessed from the CT-angiography, MR-angiography, and PWI.
This study protocol was approved by our review board, and institutional informed-consent guidelines were followed.
Imaging Techniques
The perfusion CT examination consisted of two 40-second series at an interval of 5 minutes, each series consisting of 1 image per second in cine mode during intravenous administration of iodinated contrast material. The acquisition parameters for both series were 80 kilovolt (peak; kVp) and 100 mA. 36 For each series, CT scanning was initiated 7 seconds after injection of 50 mL iohexol (300 mg/mL iodine, Accupaque 300, Nycomed) at a rate of 5 mL/s into an antecubital vein with a power injector (CT9000, Libel-Flarsheim Co). The time delay before contrast material reached the brain parenchyma allowed baseline images without contrast enhancement to be acquired. Waiting 5 minutes between the 2 perfusion CT series allows a substantial lowering of iodinated contrast material blood concentration after the first intravenous administration of iodinated contrast material and a restitution of baseline. Thus, realization of the second perfusion CT series is not affected by the first intravenous administration of iodinated contrast material.
Multidetector-array technology (Lightspeed CT unit, General Electric) allowed data acquisition from 2 adjacent 10-mm sections for each series. The 2 perfusion CT series thus allowed data acquisition in 4 adjacent 10-mm cerebral CT sections. The 4 studied cerebral sections were selected above the orbits to protect the lenses, running through the basal nuclei and then toward the vertex. They were identical to 4 among the 10-mm-thick noncontrast CT slices.
The cerebral and cervical CT-angiography was performed with the following parameters: 120 kVp; 240 mA; slice thickness, 2.5 mm; slice acquisition interval, 2 mm; pitch, 1.5:1; intravenous administration, 50 mL iodinated contrast material at 3 mL/s; and acquisition delay, of 10 seconds. Data acquisition was performed from the origin of the aortic arch branch vessels to the circle of Willis.
The MR examination was performed with a 1.5-T MR unit (Symphony MR unit, Siemens). It included DWI series: echoplanar single shot spin echo; repetition time (TR), 5000 ms; echo time (TE), 100 ms; bϭ0, 500, and 1000; twenty 5-mm-thick slices with a 1.5-mm gap; and matrix size, 128ϫ128. PWI series was performed immediately afterward: echoplanar gradient echo; TR, 120 ms; TE, 45 ms; eleven 5-mm-thick slices with a 1.5-mm gap; matrix size, 128ϫ128; and 50 acquisitions obtained every 1.32 seconds during intravenous administration of 0.2 mmol/kg Gd-DTPA (Omniscan, Nycomed Amersham), followed by a 15-mL saline flush at a rate of 5 mL/s into an antecubital vein with a power injector (Spectris MR Injection System, Medrad). T2*-weighted gradient-echo imaging technique rather than T2-weighted spin-echo echoplanar imaging technique was performed as required by the clinical trials in which the 13 patients were involved. For cerebral and cervical vessels, MR-angiography was performed using a time-of-flight multislab 3-dimensional fast low-angle shot technique. For cervical vessels, a 3-dimensional fast imaging with steady-state precession technique was also used during intravenous administration of a gadolinium bolus. 34 This software relies on the central volume principle, which is the most accurate for low injection rates of iodinated contrast material. 37 The central volume principle uses a mathematical operation called deconvolution (least-meansquare deconvolution for the software used) to calculate a related mean transit time (MTT). 38 -40 The deconvolution operation requires a reference arterial input function, the selection of which is automatically performed by the perfusion CT software used in a region of interest drawn by the user. Considering that all our patients were MCA stroke patients, time-concentration curves in each cerebral hemisphere have been deconvoluted by ipsilateral sylvian arterial input functions. The CBV map is inferred from a quantitative measurement of the partial size-averaging effect, which is absent at the center of the large superior sagittal venous sinus. [41] [42] [43] Finally, a simple equation combining CBV and MTT values leads to the CBF value 38 -40 : CBFϭ(CBV/MTT). The perfusion CT results were then used to calculate the penumbra and infarct maps according to a previously reported method. 35 This method relies on the reported CBF threshold of ischemia and the preserved (penumbra) or the altered (infarct) autoregulatory processes. Thus, in this method, an ischemic cerebral area (penumbra plus infarct) was defined as including cerebral pixels with a CBF decrease of Ͼ34% compared with the corresponding region in the cerebral hemisphere defined as healthy on the basis of clinical symptoms. Within this selected area, pixels with CBV values higher or lower than 2.5 mL/100 g were selected as indicative of penumbra and infarct, respectively. The resulting cerebral infarct and penumbra maps were combined and graphically displayed as a prognostic map, with the penumbra in green and the infarct in red (Figures 1 and 2 ). The regional CBF and regional CBV thresholds of 34% and 2.5 mL/100 g were chosen in agreement with the values most frequently reported in the literature. 15,44 -47 Such thresholding, combined with adequate spatial filtering, allows accurate infarct and penumbra maps, as demonstrated by comparison with delayed DWI. 35 The PWI data were analyzed with perfusion analysis software (Functool, General Electric) and adequate postprocessing to create parametric maps of relative CBF, CBV, MTT, and time to peak (TTP), which designates the time to the peak signal change after the bolus is injected. Analysis of PWI data relies on principles similar to those applied to perfusion CT data but with some distinctions. Two are particularly relevant in the present setting. First, time-intensity curves in PWI are not linearly but logarithmically related to time-concentration curves. 48 Second, because of the susceptibility properties that underlie PWI, the reference arterial input cannot be selected within an arterial lumen, but only in the neighborhood of an artery. 48 -50 This results in only qualitative or semiquantitative PWI results (whereas perfusion CT results are quantitative 34 ) for a variety of reasons 44 that are still a matter of debate and are beyond the scope of this article. This also explains why we decided to use a planimetric method in the calculations rather than a numeric threshold method for determining the size of PWI abnormalities. Similar to what was described in by Sorenson et al, 8 2 neuroradiologists who were blinded to each other were asked to determine the volume of abnormal signal for each of the PWI maps. The average of the 2 neuroradiologists' measurements was chosen as the reference for MR studies. This method more closely simulates how PWI maps are used in clinical practice.
Regarding DWI studies, abnormality size was measured on trace-weighted images, which allow clear delineation of the abnormal region because of the absence of interfering contrast between normal gray and white matter. Average diffusion coefficient maps were calculated and used to confirm that the trace abnormalities were hyperacute.
Data Analysis
Six 5-mm-thick cerebral sections (with 1.5-mm gaps) in the DWI and PWI sequences were selected to constitute the volume corresponding most closely to that defined by the 4 adjacent 10-mm-thick noncontrast CT and perfusion CT sections. For each patient, the volumes (in milliliters) on corresponding noncontrast CT, perfusion CT, and DWI or PWI maps were compared through linear regression analysis with calculation of Pearson's linear correlation coefficients. Values of PϽ0.001 were considered statistically significant.
Results
Time Delays
The median time from symptom onset to emergency room admission was 1.5 hours (interquartile range, 1.3 to 2.0 Figure 1 . A 71-year-old male patient with sudden onset of a right face-arm-leg motor hemisyndrome associated with fluent aphasia 1.5 hours before admission. Noncontrast cerebral CT and perfusion CT were obtained 1.75 hours after symptom onset, whereas DWI or PWI was performed 20 minutes after CT. Noncontrast cerebral CT showed left insula ribbon sign. Sizes of cerebral infarct and CBV abnormality on perfusion CT (mL/100 g) is similar to that of DWI abnormality, whereas MR CBV map is unremarkable. Sizes of cerebral ischemic lesion and CBF/MTT abnormality on perfusion CT [(mL · 100 g Ϫ1 · min Ϫ1 )/s] correlate with that of MR MTT abnormality (red) located on the left temporoparietal region, whereas they are larger than those of MR CBF and TTP abnormalities (red). CT-angiography and MR-angiography demonstrate occlusion of the left M1-M2 junction. This patient underwent successful thrombolysis with significant regression of symptoms.
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Perfusion CT and Qualitative DWI/PWIhours); the median time from symptom onset to perfusion CT scanning was 2.0 hours (interquartile range, 2.0 to 2.8 hours). The median time to MR examination was 2.5 hours (interquartile range, 2.5 to 3.0 hours). Of the 13 patients, 9 underwent intravenous thrombolytic therapy. Thrombolysis was begun 2.8 hours (interquartile range, 2.5 to 2.8 hours) after symptom onset. No complications, in particular no hemorrhages, occurred in the 9 thrombolyzed patients.
Arterial Recanalization or Persistent Arterial Occlusion
In all 13 patients, admission CT-angiography demonstrated an occluded cerebral artery. In all of them, this cerebral arterial occlusion persisted on the MR-angiography and on PWI sequences.
Correlation Between Perfusion CT and DWI or PWI Results
The median size of cerebral hypodensity on noncontrast CT amounted to 0 mL (interquartile range, 0 to 4 mL). The median sizes of infarct and penumbra on perfusion CT were 19 and 120 mL (interquartile ranges, 14 to 44 and 80 to 140 mL, respectively). The median sizes of CBV, DWI, CBF, TTP, and MTT abnormalities amounted to 13, 21, 58, 96, and 129 mL (12 to 29, 14 to 42, 34 to 67, 58 to 125, and 98 to 168 mL), respectively. The results of the linear regression analysis are summarized in Table 2 and are as follows. The size of CT hypodensity underestimates that of abnormalities on all perfusion CT and DWI or PWI maps (slopes Ͻ1). The perfusion CT infarct is larger than the MR CBV abnormality (slope Ͼ1), approximately equal to the DWI abnormality (slope almost unity), and smaller than the MR CBF, TTP, and MTT abnormalities. The correlation coefficient is the highest (rϭ0.968) and the probability values are the smallest (PϽ0.001) between the size of perfusion CT infarct and that of the DWI abnormality ( Figure 3 ). The perfusion CT ischemia (infarct plus penumbra) is larger than the MR CBV, DWI, CBF, and TTP abnormalities (slope Ͼ1) and approximately equal to the MR MTT abnormality (slope almost unity). The correlation coefficient is the highest (rϭ0.946) and the probability values are the smallest (PϽ0.001) between the size of perfusion CT ischemia and that of MR MTT abnormality (Figure 4) . These results are illustrated in Figures 1 and 2 .
Discussion
Only 13 patients could be enrolled in this study over 16 months. This limited number related mainly to the difficulty in obtaining MR examinations in the acute phase. Indeed, in our institution as in many others, MRI remains of limited availability in emergency settings because of overcrowded MR units and the absence of an MR scanner devoted to stroke patients.
On the other hand, perfusion CT can be easily achieved because it can be included in the cerebral CT survey undergone by almost every stroke patient. 35, [51] [52] [53] Such CT survey, including noncontrast CT, 2 perfusion CT series, and CTangiography, can be performed in Ͻ10 minutes. Perfusion CT is well tolerated by patients, even in the acute phase of stroke. 35, [51] [52] [53] The purpose of this study was to compare admission perfusion CT and admission DWI and PWI results. This comparison was allowed by the short time interval (median interval, 30 minutes) and by the absence of arterial recanalization between both examinations.
Our results outline a strong correlation between the size of cerebral infarct on perfusion CT and that of DWI abnormality (rϭ0.968), with a slope close to unity. The perfusion CT cerebral infarct is thus in agreement with the current opinion that DWI abnormality is unlikely to reverse and hence most likely correlates with the final infarct volume. 54 On the other hand, the size of the MR CBV abnormality underestimates both the sizes of cerebral infarct on perfusion CT and that of DWI abnormality (slopeϭ1.229), even if these sizes are Figure 2 . A 71-year-old male patient with sudden onset of a right face-arm-leg hemisyndrome associated with nonfluent aphasia. Noncontrast cerebral CT/perfusion CT and DWI or PWI were performed 2 and 2.3 hours after symptom onset, respectively. Noncontrast cerebral CT demonstrates left insula ribbon sign and left parietal hypodensity. MR CBV map is normal. Cerebral infarct and CBV abnormality on perfusion CT (mL/100 g) show sizes similar to that of DWI abnormality. Cerebral ischemic lesion and CBF MTT abnormality on perfusion CT [(mL · 100 g Ϫ1 · min Ϫ1 )/s] and MR MTT abnormality (red) involve the whole left MCA territory, relating to an M1 occlusion on both CT-angiography and MR-angiography. This patient underwent unsuccessful thrombolysis.
significantly correlated (rϭ0.948). The underestimation of the size of the MR CBV abnormality induces in turn an underestimation of the size of the MR CBF abnormality because the latter proves equal to the CBV-to-MTT ratio.
Cerebral parenchyma with PWI abnormalities that do not yet show as ischemic on DWI has been postulated to represent penumbra. 26,28 -31 PWI abnormalities can be characterized by different parameters. Among them, MTT is an easy-to-interpret parameter that is homogeneous in normal areas, allowing easy identification of abnormal hemodynamics. 29, 30 A strong correlation was identified between the size of the MR MTT abnormality and the size of what is described by perfusion CT as cerebral tissue at risk for inclusion into the final infarct (rϭ0.946). This result is in agreement with previous reports demonstrating deconvolution methods as the most accurate in PWI result analysis. 55 On the other hand, the size of the MR TTP abnormality underestimates the size of cerebral ischemia on perfusion CT and the size of the MR MTT abnormality. The TTP map describes changes in the arrival timing of blood to the ischemic area rather than decreased perfusion and is thus affected by parent vessel stenosis. TTP abnormalities do not necessarily reflect the severity of the perfusion deficit. 9 Finally, the size of hypodensity on noncontrast cerebral CT underestimates that of all perfusion CT, DWI, and PWI abnormalities, which is in agreement with the fact that CT studies become typically abnormal only 6 to 18 hours after the onset of ischemia.
As described in Materials and Methods, brain coverage with perfusion CT was limited to a 40-mm thickness, whereas the whole brain can be assessed with DWI or PWI. As reported in Table 1 , all 13 patients included in the present study were MCA stroke patients. In 0 of these 13 patients, the abnormalities seen on DWI or PWI examinations were located completely outside the 40-mm thickness covered by perfusion CT. In fact, the major portion of the cerebral ischemic area could be evaluated by perfusion CT. However, such a condition could occur, and limited coverage constitutes a limitation of perfusion CT technique, even if technological improvements in the near future will overcome this obstacle.
Finally, our cerebral CT survey protocol in stroke patients involves a total amount of 150 mL iodinated contrast material, which is rather high. Some concern may be raised about potential toxicity of iodinated contrast material on ischemic brain. In the present series, we never observed any deterioration in neurological condition after intravenous administration of iodinated contrast material. Cerebral digital subtracted angiography involves comparable volumes of iodinated contrast material but with a much higher blood concentration because of intra-arterial administration. Angiography, however, is often resorted to in the setting of strokes and remains a gold standard for stroke treatment. Finally, intravenous administration of nonionic iodinated contrast material has been demonstrated to be safe for ischemic cerebral parenchyma in animals. 56 In conclusion, perfusion CT is an imaging technique that allows delineation of cerebral infarct and cerebral tissue at risk for inclusion into the final infarct, which are strongly correlated with DWI and PWI (MTT) MR results. The advantages of perfusion CT compared with DWI or PWI are related to its accessibility and its feasibility in acute stroke patients, as well as to the rapidity of data acquisition. Perfusion CT can be easily included in patients' imaging surveys at the time of their emergency evaluation. Brain coverage, however, remains more limited with perfusion CT than with DWI or PWI, and iodinated contrast material administration is required, although no toxicity of the latter could be observed.
